The objective in this study was to evaluate the effects of substituting high oil corn (HOC) for typical corn (TC) on performance, carcass characteristics, meat quality, and longissimus muscle (LM) fatty acid profile of Nellore steers fed diets containing different amounts of corn. Forty-eight individually fed Nellore steers (441 7 32 kg initial body weight) were allocated by body weight to four pens equipped with electronic gates in a randomized complete block design with six treatments in a 2 Â 3 factorial arrangement of treatments, with two corn types (CT) and three corn levels (CL). Treatments consisted of diets containing 25, 40, or 55% TC or HOC on a dry matter (DM) basis. Animals were confined for 84 days so that DM intake and average daily gain (ADG) were measured individually. After the feedlot period, animals were slaughtered at a commercial slaughterhouse, carcass characteristics were evaluated, and LM samples were collected for further analyses of meat quality and fatty acid profile. Statistical analyses were conducted using the MIXED procedure of SAS. No differences among CL and CT were observed for DM intake, metabolizable energy intake, gain to feed ratio, and dietary net energy for maintenance and gain. Steers receiving HOC had greater ADG in comparison with those fed TC when CL was 25%, but no differences were observed when CL was 40 or 55%. Cooking loss and LM redness were linearly decreased (P ≤ 0.05) with the increasing CL. No effects of CL and CT were observed for any other carcass characteristics and meat quality variables. The LM proportions of stearic, linolenic, and total omega-6 fatty acids, as well as omega-6 to omega-3 fatty acids ratio (n-6:n-3), were linearly increased (P r 0.04) as CL increased, whereas conjugated linoleic acid (CLA) proportions showed a quadratic response (P o 0.01) to corn inclusion, with lower values observed for steers fed 40% corn. Longissimus muscle proportions of myristic and palmitic acids were decreased (P r 0.02), whereas proportions of CLA, total omega-6, and total polyunsaturated fatty acids, as well as n-6:n-3, were increased (P r0.04) when TC was replaced with HOC. In conclusion, replacing TC with HOC in the diets of Nellore steers fed different corn levels had no effects on animal performance, carcass characteristics, and meat quality, but improved LM fatty acid profile, which suggests that the produced beef might be healthier for consumers.
Feeding high grain diets to finishing beef cattle can improve growth performance and increase fat deposition due to their higher energy density. However, increasing energy content of the diets by increasing concentrate levels may result in metabolic disorders, such as ruminal acidosis (Krause and Oetzel, 2006) . Additionally, the majority of the Brazilian feedlot herd is composed of Zebu breeds, which are observed to develop these metabolic disorders more frequently than European breeds (Elam, 1976) . In this way, an interesting option to increase energy density is the addition of fat to the diets. The supplementation of finishing diets with fat may enhance beef cattle performance (Brandt and Anderson, 1990; Krehbiel et al., 1995; Zinn, 1992) and carcass characteristics (Brandt and Anderson, 1990; Zinn, 1992) , and change the pattern of lipid deposition (Andrae et al., 2001 ).
An alternative fat source for beef cattle diets is high oil corn (HOC), which is obtained through genetic selection. High oil corn contains 7 to 8% ether extract on dry matter (DM) basis, nearly twice as much as typical corn (TC; Andrae et al., 2000) . Replacing TC with HOC in finishing beef cattle diets may increase the supply of unsaturated fatty acids and energy density, which in turn can enhance animal performance and alter the composition and amount of fat deposited (Andrae et al., 2000 (Andrae et al., , 2001 . Therefore, the objective in this research was to evaluate the effects of substituting HOC for TC on growth performance, carcass traits, meat quality, and longissimus fatty acid composition of confined Nellore steers fed diets containing three different levels of corn inclusion.
Materials and methods
The experiment was carried out in the College of Animal Science and Food Engineering, University of São Paulo (Pirassununga, São Paulo, Brazil), and research protocols using animals followed guidelines in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 2010) . Forty-eight Nellore steers, approximately 30 months of age and 441732 kg of initial body weight (BW), were allocated to four different pens (10 m Â 23 m) which accommodated 12 individual sheltered bunks equipped with electronic gates (Calan-Broadbent System; American Calan, Northwood, NH, USA). Pens were soil-surfaced and contained automatic water fountains. Animals were blocked by initial BW and each pen represented a block in a randomized complete block design with six treatments in a 2 Â 3 factorial arrangement, with two corn types and three corn levels. Dietary treatments consisted of total mixed rations containing 25, 40, or 55% TC or HOC on a DM basis, and their compositions are shown in Table 1 . Typical corn and HOC were provided to steers as dry ground corn.
Initially, all animals were submitted to a 28-d adaptation period, when concentrate levels were gradually increased, and also allowed to train them to use the electronic gates. At the end of the adaptation period, steers were weighed after an 18-h fasting period, and then confined for 84 d. Total mixed rations were fed twice daily for ad libitum intake at 0800 h and 1700 h, and the amounts of feed offered were adjusted daily (5 to 10% refusal). Corn silage samples were analyzed weekly for DM to ensure a constant forage to concentrate ratio.
Samples of feed and orts were collected weekly and frozen at À20 1C. At the end of the experiment, samples were composited for each animal, dried at 55 1C for three days, ground using a Wiley laboratory mill (1-mm screen), and analyzed for their chemical composition to estimate total digestible nutrients (TDN) according to Weiss et al. (1992) . Samples were analyzed for DM, ash, ether extract, crude protein (Association Of Official Analytical Chemists, 1990), neutral detergent fiber (Van Soest et al., 1991) , acid detergent fiber, lignin (Association Of Official Analytical Chemists, 1990), neutral detergent insoluble crude protein, and acid detergent insoluble crude protein (Licitra et al., 1996) . Alpha-amylase was used in the determinations of neutral detergent fiber.
Animals were weighed every 28 d after an 18-h fasting period, and average daily gain (ADG) was obtained as the angular coefficient of the linear regression of BW on time. Dry matter intake (DMI) was calculated as the difference between feed offered and orts, which were daily weighed. Gain to feed ratio (G:F) was determined by the division of ADG by DMI. Total digestible nutrients were converted to metabolizable energy (ME) according to the National Research Council (2000) so that metabolizable energy intake (MEI) could be estimated. Dietary net energy for maintenance (NEm) and for gain (NEg) based on feed analyses were also calculated according to the National Research Council (2000) .
In (Lofgreen and Garrett, 1968) , and the result was multiplied by a correction factor of 0.9 for Bos indicus breeds (National Research Council, 2000) . Estimated dietary NEm and NEg (Mcal/kg) were calculated by the following equations proposed by Zinn and Shen (1998) After 84 d on feed, immediately following the final weighing, steers were transported to a commercial slaughterhouse (Piracicaba, São Paulo, Brazil) and slaughtered according to humanitarian approved methods (AVMA, 2001) . Hot carcass weight (HCW) was recorded to determine dressing percentage, and longissimus muscle (LM) pH was measured between the 12th and 13th ribs at one and 24 h post mortem. Measurements were made by inserting the electrodes of a portable needle-tipped pH meter (Model HI 98185, Hanna Instruments, Woonsocket, RI, USA) directly into the carcasses. Sections from the left carcass halves consisting of the 9th, 10th, and 11th ribs were removed and transported to the slaughter facility of the College of Animal Science and Food Engineering (Pirassununga, São Paulo, Brazil), where they were deboned so that LM was exposed.
Measurements of LM area and backfat thickness were obtained in the region of the 11th rib. Then, a 2.5-cm-thick steak was removed from the same region, vacuum-packed and aged for seven days (2 to 4 1C). An additional steak was removed and immediately frozen (À20 1C) for further fatty acids determinations. After the aging period, steaks were allowed to bloom for 20 min and light reflectance scores for lightness (L n ), redness (a n ), and yellowness (b n ) were obtained using a MiniScan XE colorimeter (HunterLabs, Reston, VA, USA), with a D65 light source, observation angle of 101, and 30 mm opening of the measuring cell. Fresh samples were also classified into different groups of marbling score, from Practically Devoid to Abundant, according to a photographic scale (USDA, 1997) by qualified university personnel. Steaks were then cooked in an electric oven to 71 1C internal temperature and cooled to room temperature. Cooking loss was determined as the percentage reduction in the weight of samples after cooking. Warner-Bratzler shear force was determined by shearing six 1.27-cm-diameter cylinders, which were removed parallel to the muscle fibers after steaks were cooled.
Steaks reserved for fatty acids determinations were thawed, homogenized, sub-sampled, and then freezedried. After freeze-drying, three grams of muscle tissue were used for fat extraction following the procedures described by Hara and Radin (1978) . Methylation was conducted with a solution of sodium methoxide in methanol according to Christie (1982) . Fatty acid profile was determined with a reference standard (CMR-164; Commission of the European Communities, Community Bureau of Reference, Brussels, Belgium) using a gas chromatograph (ThermoQuest Focus GC, Thermo Scientific, Waltham, MA, USA) equipped with flame ionization detector, Thermoquest AS3000 injector, fused silica capillary column (100 m Â 0.25 mm, i.d. Â 0.20 mm thickness, Supelco, SPTM-2560; USA), and ChromQuest 4.1 software.
Chromatographic conditions were as follows: injector at 250 1C, detector at 300 1C, column at 150 1C for 11 min, and programmed from 1501 to 240 1C at 4 1C/min. Hydrogen was used as the carrier gas at a flow rate of 1.8 mL/min and linear velocity of 39.4 cm/s, while nitrogen was used as the make-up gas at a flow rate of 30 mL/min. Fatty acids were identified by comparing the relative retention times of fatty acid methyl esters peaks from samples with those of the reference standard. Quantification was made by normalization of peak areas and the results are expressed as the percentage of total fatty acids. Data were analyzed as a randomized complete block design in a 2 Â 3 factorial arrangement of treatments using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) with animal as the experimental unit. The model included the random effects of block (pen) and the fixed effects of corn type, corn level, and the two-factor interaction between corn type and corn level. The least square means statement was used to calculate the adjusted means for dietary treatments, and comparisons were performed using the PDIFF option based on Student's t-test. All data were checked to fit a normal distribution by the Shapiro-Wilk test using the UNIVARIATE procedure of SAS. Significant effects were considered when Po0.05.
Results
No differences among corn levels or corn types were observed for the variables DMI (expressed as kg/d and % BW), MEI, G:F, dietary NEm, and dietary NEg (Table 2) . Nevertheless, there was an interaction (P¼0.05) between corn level and corn type for ADG. Average daily gain did not differ among corn types when 40 or 55% corn were used, but steers receiving HOC showed greater ADG (P¼0.04) when corn level was 25% (0.82 and 1.01 kg/d for TC and HOC, respectively).
No interactions between corn level and corn type were observed for any analyzed variables of carcass traits and meat quality. There were no differences (P40.05) among corn level or corn type for the variables HCW, dressing percentage, LM area, back fat thickness, or LM pH (Table 3 ). However, there was an effect of corn level on cooking loss (P¼ 0.04), in which means were linearly decreased (P¼0.02) as corn levels were increased. Marbling score and Warner-Bratzler shear force also did not differ among corn levels or types. Similarly, L n and b n values did not differ among treatments, but there was an effect of corn level on a n (P¼0.04), in which values were linearly decreased (P¼0.05) as dietary corn inclusion increased.
No interactions between corn level and corn type were observed for any analyzed fatty acids. There was an effect of corn level (Pr0.04) on the proportions of stearic acid (C18:0), conjugated linoleic acid (CLA; C18:2 cis 9 trans 11), and linolenic acid (C18:3 cis 9, 12, 15) in the LM of steers (Table 4 ). The proportions of stearic and linolenic acids were linearly increased (Pr0.01) as dietary corn inclusion increased, whereas a quadratic response was observed (Po0.01) in the proportions of CLA, in which animals fed diets containing 40% corn showed lower proportions of this fatty acid in the LM when compared with 25 or 55% of corn inclusion. Additionally, there were also effects of corn level (P ≤ 0.03) on total omega-6 fatty acids (n-6) and omega-6 to omega-3 fatty acids ratio (n-6:n-3), with means increasing linearly (Pr0.01) as corn levels were increased. There were no effects of corn level on any other analyzed fatty acids.
Replacing TC with HOC decreased LM proportions of myristic acid (C14:0; P¼0.02) and palmitic acid (C16:0; P o0.01), whereas proportions of CLA were increased (Po0.01) when HOC was included in the diet (Table 4 ). In addition, the substitution of HOC for TC also increased total n-6 (P ¼0.04), n-6:n-3 (P ¼0.04), and total polyunsaturated fatty acids (PUFA; P¼0.03) proportions in the LM of Nellore steers. No effects of corn type were observed for any other analyzed fatty acids.
Discussion
The inclusion of HOC in beef cattle diets as a substitute for TC increases dietary energy density (Andrae et al., 2001 ). According to Van Soest (1994) , when cattle are fed lowerquality diets, ruminal distention is the dominant factor affecting DMI. Increasing the digestible energy content of the diets will increase intake until a certain point when the energy requirements of the animal are supplied, and any further increases in dietary energy density will reduce DMI in order to maintain a constant energy intake. Conrad (1966) suggested that the point of maximum DMI occurs when dietary TDN is around 67%, and this value can be even lower for Nellore cattle (Almeida and Lanna, 2003) . In our experiment, the diet with less energy density contained nearly 70% TDN in the DM, so it was expected that increasing dietary energy content by replacing TC with HOC would decrease DMI of steers. Additionally, it was also expected that increasing the energy density of the diets by increasing corn inclusion would reduce feed intake, which did not occur. However, it is important to mention that DMI was relatively low for animals from all treatments. Nellore steers fed moderate to high concentrate diets usually present daily intakes greater than 2% relative to their BW (Gomes et al., 2012; Pacheco et al., 2012) , but mean DMI, expressed as a percentage of BW, remained below 1.82% for all treatments in the present study. As steers were approximately 30 months old at the onset of the experiment, their relatively advanced age may explain the reduced DMI. Older animals usually have greater proportions of body fat, and according to Hamann and Matthaei (1996) , the production of leptin is increased with greater body fat content, which in turn can reduce voluntary feed intake.
As the energy contents of the diets were increased when TC was replaced with HOC as well as when corn inclusion was increased, whereas DMI did not differ among treatments, it was expected that MEI would increase for steers fed greater amounts of dietary corn or by substituting HOC for TC. Thus, it is possible that the lack of difference in MEI among corn levels and types occurred due to the non-significant decrease in DMI observed when corn inclusion increased, as well as when TC was replaced with HOC. Similarly, as ADG increased for steers fed HOC in comparison with TC when dietary corn inclusion was 25%, but no differences were observed in energy intake, it is likely that the greater growth rates occurred because of the non-significant increase in MEI for animals receiving the HOC diet at the lowest corn level (90.38 and 93.30 MJ/d for TC and HOC, respectively). Moreover, it seems like the additional energy provided by replacing TC with HOC was sufficient to increase ADG only when the dietary energy density was lower. On the other hand, despite the increased ADG for steers fed HOC within the 25% corn inclusion group, no differences in G:F or dietary NEm and NEg were observed among corn levels and corn types, suggesting that the greater growth rates observed for those animals were not sufficient to increase feed efficiency.
Similar to our results, Hendrix and Lofgren (1999) did not report differences in growth performance of steers fed TC or HOC diets with two feeding regimes (high grain or high silage diets). On the other hand, Andrae et al. (2000) reported decreased DMI for steers receiving HOC in comparison with those fed TC in diets containing 82% corn on a DM basis. However, because there was a tendency for decreased ADG for animals fed HOC, G:F did not differ among corn types.
Because no substantial effects of dietary treatments were observed on growth performance, carcass traits were also not different among corn levels and corn types. Several authors have reported that the supplementation of beef cattle finishing diets with fat sources generally does not affect carcass characteristics (Bartle et al., 1994; Brandt et al., 1992; Krehbiel et al., 1995) . In addition, Andrae et al. (2001) also did not report differences in carcass weight, dressing percentage, LM area, and backfat thickness of steers receiving an 82% corn diet with either TC or HOC, which is in agreement with the results observed in the present study.
Even though carcass traits are usually not affected by supplemental lipid sources, some authors have reported increased marbling scores for beef cattle fed HOC as a substitute for TC, which did not occur in the present study. Andrae et al. (2001) observed greater marbling scores for steers fed HOC in comparison with those receiving TC, despite the lack of difference in backfat thickness or kidney, pelvic, and heart fat among treatments. Likewise, Trenkle and Belknap (1999) observed increased percentage of carcasses grading choice when TC was replaced with HOC in beef cattle diets, which indicates greater marbling. However, it is important to notice that both studies were conducted with Bos taurus breeds, whereas the animals in our study were from Nellore breed (Bos indicus), which is known to have leaner meat and, consequently, less marbling (Marshall, 1994; Paschal et al., 1995) . Therefore, it seems likely that the additional dietary energy provided by replacing TC with HOC or increasing corn inclusion was not sufficient to increase marbling in the meat of Nellore steers in the present study. Our data revealed no substantial effects of corn levels and corn types on meat quality, except for linear decreases in cooking loss and a n values as corn inclusion increased. Cooking loss can be affected by many factors such as cooking temperatures and methods, duration of cooking, aging, muscle pH, and marbling (Yu et al., 2005) . Because none of those factors differed among treatments, the reasons for the decreased cooking losses observed as dietary corn levels increased remain unclear.
Several authors have reported no effects of dietary concentrate levels on muscle color of beef cattle (French et al., 2001; Cerdeño et al., 2006; del Campo, et al., 2008) . Reduced beef redness is usually associated with increased oxidative deterioration of the meat, because when oxidation occurs, the red muscle pigment myoglobin is converted to brown metmyoglobin affecting meat odor and flavor, as well as meat color (Wood and Enser, 1997) . Tocopherols and carotenoids are lipid-soluble antioxidants that act in animal tissues, and they are responsible for delaying post-mortem oxidation of the meat (Wood and Enser, 1997; Dunne et al., 2009 ). The concentrations of those antioxidants are usually high in forages, but low in both corn silage and corn grain (Weiss and Wyatt, 2003; Nozière et al., 2006) Therefore, because corn grain inclusion was increased at the expense of corn silage in the present study, the reasons for the decreased a n values with the increasing corn levels are unknown.
The substitution of HOC for TC has been reported not to significantly affect meat quality of beef cattle. Andrae et al. (2001) did not observe differences in Warner-Bratzler shear force or sensory panel ratings of juiciness, myofibrillar tenderness, flavor intensity, connective tissue, and off-flavors in the meat of steers receiving diets containing 82% of either TC or HOC. Those authors also observed that the similarities in meat quality traits occurred despite the increased concentrations of unsaturated fatty acids in the LM of steers fed HOC diets, which is similar to the response observed in the present study. In addition, Price et al. C18:1 trans 11 ¼ transvaccenic acid; C18:2 cis 9, 12¼ linoleic acid; C18:2 cis 9 trans 11 ¼ conjugated linoleic acid; C18:3 cis 9, 12, 15 ¼linolenic acid; C20:4¼ arachidonic acid; C20:5¼ timnodonic acid; C:22:2 ¼brassic acid; C22:5 ¼clupanodonic acid. b P n-3¼ sum of C18:1 cis 15, C18:2 trans 11 cis 15, C18:3 cis 9,12,15, C20:5, C22:5. c P n-6¼ sum of C18:1 cis 12; C18:1 trans 12; C18:2 cis 9,12, C20:4. d n-6:n-3 ratio¼quotient of the sum of n-6 and n-3 fatty acids. e TC¼ typical corn; HOC ¼ high oil corn. f SEM ¼standard error of the mean. g CL ¼corn level; CT¼ corn type; CT Â CL¼ two-factor interaction. (2011) did not observe any substantial differences in meat quality of steers receiving a HOC-based diet in comparison with those fed a TC-based diet supplemented with yellow grease. The consumption of red meat has been perceived to be associated with the occurrence of health issues, such as coronary heart disease (CHD), which is mainly because meat is known to be a major source of dietary fat, especially saturated fatty acids (Wood et al., 2003) . Therefore, the manipulation of fatty acid composition of meat in order to reduce saturated fatty acids proportions has been of particular interest in recent years. Among all saturated fatty acids present in beef fat, myristic and palmitic acids appear to be the main dietary factors that increase blood low density lipoproteins (LDL) concentrations, thus increasing the risks of CHD occurrence (Bender, 1992) . In our experiment, the proportions of myristic and palmitic acids in the LM of Nellore steers were decreased when TC was replaced with HOC in the diets, which may represent health benefits for beef consumers. Dietary stearic acid does not have the same negative effect on blood LDL concentrations (Haumann, 1998; Schneider et al., 2000) , and thus the linear increase in its proportion in the LM of steers observed as dietary corn inclusion increased may not be of concern.
The dietary inclusion of very long chain PUFA (20 carbons or more) seems to have direct effects against CHD, although it is not clear if the other PUFA also offer protection or simply displace saturated fatty acids in the diets (Bender, 1992) . Moreover, CLA, a group of isomers of linoleic acid, is also known for its health benefits, which includes anticarcinogenic, anti-obesity, antidiabetic, and antihypertensive properties (Koba and Yanagita, 2014) . In the present study, the proportions of CLA and total PUFA in the LM of steers were increased when TC was replaced with HOC, which, combined with the decrease in myristic and palmitic acids proportions, represents great benefits regarding health aspects of beef consumption.
In addition to the proportion of saturated fatty acids in beef, a high n-6:n-3 is also associated with CHD occurrence (Enser, 2001) . In general, the meat from grass-fed ruminant animals presents low n-6:n-3 because grass usually contains high levels of linolenic acid (Wood et al., 2003) . In the present study, decreasing dietary forage level by increasing corn inclusion linearly increased n-6:n-3, but it occurred because of an increase in n-6 instead of a decrease in n-3 proportions. A similar response was observed when TC was replaced with HOC in the diets of steers. However, the n-6:n-3 remained below the maximum recommended value of 4:1 for all treatments, indicating that the increased n-6:n-3 as a result of increased corn or added HOC might not be of great concern.
Conclusion
Replacing TC with HOC in the diets of Nellore steers fed different corn levels had neither beneficial nor detrimental effects on animal performance, carcass characteristics, and meat quality. Nevertheless, the substitution of dietary HOC for TC modified the fatty acid profile of the LM, which suggests that the produced meat might be healthier for beef consumers. Moreover, the lack of interactions between corn types and levels indicate that the effects of replacing TC with HOC are not dependent on dietary corn inclusion.
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